Starch synthesis requires the formation of a primer that can be subsequently elongated and branched. How this primer is produced, however, remains unknown.
INTRODUCTION
Starch produced in the chloroplasts is known as transitory starch since it accumulates during daylight hours and is mobilized at night to provide carbon skeletons and energy. Long-term storage starch is found in specialized plastids known as amyloplasts, which are located in the roots, tubers and/or seed endosperm, depending on the species. Although most of the starch biosynthesis pathway has been elucidated, involving the action of starch synthases as well as starch branching and debranching enzymes (isoamylases) (Stitt and Zeeman, 2012) , the initiation of starch granule production remains a mystery. The mechanism described for the synthesis of glycogen in yeast and animals, which involves the synthesis of a primer by the protein glycogenin, does not seem to operate in starch synthesis (D'Hulst and Mérida, 2012; D'Hulst and Mérida, 2010) .
Five different classes of starch synthases are found in all plants: granule-bound starch synthase (GBSSI), which is responsible for the synthesis of amylose (the minor component of starch), and soluble starch synthase (SS) classes 1, 2, 3 and 4, which have been proposed to take part in the synthesis of amylopectin, the major component of starch (Ball and Morell, 2003) . Our group has shown that starch synthase class 4 (SS4) controls the number of starch granules (5-7) produced in
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The present work reports the localization of SS4 in the thylakoid membrane fraction of Arabidopsis chloroplasts. This localization pattern is specific to this enzyme and completely different from the patterns exhibited by the other starch synthases. We also show that SS4 interacts with the proteins fibrillin 1a and 1b (FBN1a and FBN1b respectively), which are mainly located in the plastoglobules (PGs), in vivo. The Nterminal part of SS4 is shown to be responsible for both this pattern of localization and interaction of the enzyme with these fibrillins.
RESULTS
SS4 localization in the chloroplast. SS4 distribution in the Arabidopsis chloroplast stroma and membrane fractions was first examined by immunoblotting, using antibodies specific to markers of each compartment. Chloroplasts isolated from
Arabidopsis leaves harvested at the end of the day were disrupted, and the soluble, stromal fraction separated from the plastid envelopes and thylakoid membranes by ultracentrifugation (see Experimental Procedures). Figure 1a shows no signal for the stromal marker phosphoribulokinase (PRK) in the thylakoid lane (T), thus indicating the absence of any contamination of this fraction by soluble proteins. Similarly, the soluble fraction was not contaminated by membrane-associated proteins, as indicated by the absence of PsbA (a protein from PSII) in the stromal fraction (lane S, Fig. 1a ). The lane corresponding to the chloroplast envelopes (E) showed slight contamination of proteins from both the stroma and the thylakoid fractions. SS4 was detected in the thylakoid fraction but no signal was detected in either the stroma or chloroplast envelope fractions (Fig. 1a) , thus indicating that SS4 is entirely associated with the thylakoid membrane. Note that, as described by Roldán et al. (Roldán et al., 2007) , SS4 appears as a double band. As mentioned above, SS4 is
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This article is protected by copyright. All rights reserved. (Fig. 2) . These results indicate that the N-terminal part of SS4 determines the pattern of localization (discrete spots) of this protein in the chloroplast.
Localization of SS1, SS2 and SS3 in chloroplasts. The precise localization of SS4 in some areas of the chloroplast raises the question as to whether the other starch synthases (SS1, SS2 and SS3) are also located in the same regions, forming part of a multisubunit complex responsible for the synthesis of starch or, in contrast, they show distinctive and specific localization in the chloroplast. To address this question, we fused the cDNAs coding for the full-length SS1, SS2 and SS3 proteins to GFP.
The plasmids were Agrobacterium-mediated transformed into Nicotiana benthamiana leaves and transient expression of the different constructs was monitored by confocal microscopy. Figure 3 shows that each SS displays a specific localization pattern in the chloroplast, with these patterns differing from those shown by SS4. SS1 is spread throughout the stroma, whereas SS2 has a dual localization: it is found in specific dots in the chloroplast and also in the stroma (see the stromules in Panels d and f of Figure 3 ). Finally, SS3 seems to be located in those stromal regions surrounding the starch granule (Figure 3 . Panels g-l), which appear as black areas without autofluorescence (Szydlowski et al., 2009) . However, further studies will be necessary to confirm this localization. A complementary analysis of the distribution of the starch synthases in the different plastidial compartments was performed in Nicotiana plants agro-infiltrated with His 5 -tagged SS1, SS2, SS3, and the N-and C-terminal regions of SS4 constructs. Infiltrated leaves were disrupted in liquid nitrogen with a pestle and mortar and the extracts fractionated into soluble, membrane and starch fractions. The presence of the different starch synthases in these fractions was detected by immunoblot using anti-His 5 . Figure 4 shows that
At4g22240
(FBN1b, a plastid associated protein), and At1g70730
(phosphoglucomutase 2). Two of these proteins (At3g47080 and At4g22240) are located in the chloroplast, whereas the rest are predicted to be found in other cell compartments. All interactions of these non-chloroplast proteins with SS4 therefore most likely lack physiological significance in the present context. At3g47080 and At4g22240 were thus selected for further study. 
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the Y2H screening and an N-terminal region of SS4 (amino acids 184 to 503)
containing the coiled-coil domains. Figure S2 shows that this region of SS4 is sufficient to interact with FBN1b protein. proteins determined by RT-PCR amplification of mRNA (fbn1b mutant) or immunoblot using anti-FBN1a antibody (fbn1a mutant) (see Figure S1c ). Single mutants were crossed to obtain an fbn1a/fbn1b double mutant. Chloroplasts from fbn1a/fbn1b plants were isolated from leaves harvested at midday, and the membranes separated from the stroma by ultracentrifugation as previously
SS4 interacts with
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This article is protected by copyright. All rights reserved. (BAM3, BAM4), and glucan phosphorylase 1 and 2 (PHS1, PHS2), were unaltered in the mutant plants. The only exception was SS3, whose mRNA levels experienced a small but statistically significant 1.5-fold increase with respect to WT plants (Fig. S4 ).
Although the levels of SS4 mRNA were not affected in the double mutant plant ( Figure S4A ), we were unable to determine whether the glycosyltransferse activity of SS4 was affected as the SS4 activity and SS2 activity were not detected in a zymogram. No change in the glycosyltransferase activity of SS4 in vitro was seen after incubation with purified FBN1b. However, the assay conditions are considerably different to those found around the thylakoid membranes in vivo.
DISCUSSION
Starch synthases are divided into two groups depending on their localization in the chloroplast: those bound to starch granules, such as GBSSI, and those considered to be soluble in the stroma, including SS1, 2 and 3 and, at least until now, SS4.
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Some SS2 is, in fact, tightly bound to the starch granule and has also been denominated as granule-bound starch synthase II (Smith, 1990) , although it is not involved in the synthesis of amylose (Edwards et al., 1996) . SS4 is involved in the initiation of starch granule production and control of the number of starch granules per chloroplast (Roldán et al., 2007) . It does not seem to contribute to the synthesis of amylopectin since its elimination does not affect either the amylose/amylopectin ratio or the distribution of amylopectin chain-length (Roldán et al., 2007) . The operating mechanisms via which SS4 participates in the initiation of starch granule production and granule number control remain unclear.
The present results indicate that SS4 is associated with the thylakoid membrane rather than being soluble in the stroma of Arabidopsis chloroplasts ( Fig. 1 ), although it is not evenly distributed throughout them. In contrast, it appears to be located in specific areas (Fig. 2) . This localization pattern is unique among the SSs, as the remaining SSs showed a different localization (Figures 3 and 4) , thus pointing to a relationship between the specific function of SS4 as regards initiation of the starch granules and control of their numbers and the exclusive localization of the enzyme associated to specific areas of the thylakoids.
The localization of SS2 (Figures 3 and 4) agrees with data previously reported for this enzyme, which indicated that SS2 could be found soluble in the plastidial stroma and also associated with the starch granule (Edwards et al., 1996; Li et al., 2003; Grimaud et al., 2008) . Our findings also indicate that part of the SS2 protein population is associated with membranes. SS2 is at the core of a protein complex formed together with SS1 and SBE2b in maize endosperm, and it has been
proposed that SS2 plays a crucial role in trafficking SS1 and SBE2b into the granule matrix (Liu et al., 2012) . It will therefore be interesting to characterize the
This article is protected by copyright. All rights reserved. The identification of proteins that interact with SS4 sheds some light on the specific location of this enzyme. Thus, SS4 was found to interact with FBNs 1a and 1b in vivo and in vitro (Figs. 5, 6, and S2) , and these interactions showed the same localization pattern as found for the fusion protein SS4-GFP (Fig. 2) . In addition, both the localization pattern for SS4, and SS4's interactions with the FBN1s, appear to be mediated by the N-terminal part of the protein (Figs. 2, 4 , 5, and 6), thereby suggesting a role for the long coiled-coil structures in both phenomena. The FBN1s are preferentially located in the PGs, and are, in fact, the major protein-based component of these particles in Arabidopsis (Lundquist et al., 2012) . PGs form a specific sub-organelle compartment in all types of plastid (Besagni and Kessler, 2013) , which arise through a membrane-blistering mechanism along highly curved thylakoid margins, remaining attached to the thylakoids via a half-lipid bilayer that surrounds the globule contents and is continuous with the stroma-side leaflet of these membranes (Austin et al., 2006) . It was believed for many years that PGs were just passive lipid deposition sites for the plastids. However, recent proteomic studies have shown them to contain proteins involved in the synthesis of tocopherol and carotenoids, along with enzymes involved in other chloroplast metabolic
small increase of starch accumulation observed in fbn1a/fbn1b plants. Although FBN1b did not affect the glycosyltransferase activity of SS4 in vitro, the in vitro environment is rather different to that found around thylakoid membranes in vivo.
The effects of FBN1s on SS4 activity in the living plant are therefore hard to predict.
The function of the interaction of FBN1s with SS4 might be to contribute to the formation of protein complexes that also include as-yet unidentified proteins. These complexes would provide the environment necessary for SS4 to perform its function in the initiation of starch granule production. The localization of SS4 to specific areas of the thylakoidal membrane would restrict the formation of starch granules at these regions of the chloroplast. The restriction of the synthesis of a polymer as big as the starch granule at specific regions of the chloroplast might prevent interference with other metabolic processes of the organelle, such as photosynthesis reactions or the plastid division process. In this regard, it is interesting to note the work of Myers et al.
(2011), which shows that altering thylakoid galactolipid composition apparently has an effect on starch granule initiation in maize endosperm. This is an independent line of evidence that thylakoid membrane activities can affect granule formation, and is therefore consistent with the study presented in this work.
EXPERIMENTAL PROCEDURES
Plant materials and growth conditions. All Arabidopsis thaliana (L) Heynh. 
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This article is protected by copyright. All rights reserved. cloned into pDONR221 as described above. The primers used in these steps are listed in Table S2 .
For Y2H screening, the cDNA fragments coding for full-length SS4 and its N-terminal (both without the CTP region) and C-terminal regions were amplified from
Arabidopsis cDNA using the primers listed in Table S2 . These primers introduced
NcoI and BamHI restriction sites at the 5' and 3' ends of these fragments respectively. The fragments amplified were cloned into the yeast vector pGBKT7
(Clontech) by restriction with NcoI and BamHI and subsequent ligation.
For the pull-down assay, a fragment of SS4 cDNA from 619 to 1578 bp of the coding sequence (amino acids 184 to 503), which contains the coiled-coil regions of SS4, was amplified using primers SS4CC_attB1_F and SS4CC_attB2_R (Table S2) (Table S2) and cloned into the E. coli expression vector pET45b(+) (Novagen). 
The chloroplast-containing extract was loaded into a discontinuous 40-85% Percoll gradient in 1xCIB and centrifuged at 2500 x g for 20 min at 4ºC. Intact chloroplasts were recovered at the 40-85% Percoll interface. The chloroplasts were washed three times with 20 ml 1xCIB (the last wash without BSA and ascorbic acid) by centrifugation at 700 x g at 4ºC, and resuspended in 0.5-1 ml of 1xCIB without BSA and ascorbic acid.
Analysis of the chloroplast sub-fractions. Chloroplast sub-fractionation was performed according to Block et al. (1983) with some modifications. Thus, isolated chloroplasts (purified from 20 g of rosette leaves as described above) were resuspended in 3 ml lysis buffer (62.5 mM Tris pH 7.5, MgCl 2 2 mM), supplemented with 15 µl protease inhibitor cocktail (SIGMA, P9599), and disrupted in a French press at 20,000 psi. The chloroplast extract was centrifuged at 10,000 x g for 10 min at 4ºC and the pellet (containing starch granules) discarded. The supernatant was loaded onto a discontinuous sucrose gradient (0.4-1.0 M) in lysis buffer. This gradient was then centrifuged in an SW41Ti rotor (Beckman) at 90,000 x g for 90 min at 4ºC and three fractions collected. The first fraction, above the 0.4 M sucrose layer, corresponded to stroma components; the second fraction, at the interface between the 0.4 and 1 M sucrose layers, corresponded to the chloroplast envelopes; finally, the third fraction was the pellet, which contained the thylakoid membranes.
This pellet was resuspended in 500 µl lysis buffer supplemented with 1 µl protease inhibitor cocktail. The protein concentration of each fraction was determined according to the Lowry method (Lowry et al., 1951) in order to ensure the same amount of protein was used in immunoblot analysis of the fractions. For amyloglucosidase treatment, the supernatant resulting from centrifugation of the
This article is protected by copyright. All rights reserved. Table S3 .
Thermal cycling consisted of 94ºC for 3 min, followed by 40 cycles of 10 s at 94ºC, 15 s at 61ºC, and 15 s at 72ºC. A melting curve was generated to check the specificity of the amplified fragment. The efficiency of all primers under the abovementioned conditions was between 75% and 110% for all samples tested.
Arabidopsis Ubiquitin 10 (Sun and Callis, 1997) was used as a house-keeping gene in expression analysis. Relative gene expression was determined using the 2 -∆∆CT method of Livak and Schmittgen (2001) . Threshold cycle values were determined using ICYCLER Q software (Bio-Rad), normalized against the ubiquitin control.
Relative expression was calculated by setting the expression in wild-type plants to 1.
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